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Edited by Christian GriesingerAbstract Chignolin is an artiﬁcial mini-protein composed of 10
residues (GYDPETGTWG) that has been shown to cooperatively
fold into a b-hairpin structure in water. We extensively explored
the conformational space of chignolin using a 180-ns multicanon-
ical molecular dynamics (MD) simulation and analyzed its folding
free-energy landscape. In the MD trajectory, we found structures
that satisfy 99% of the experimental restraints and are quite close
to the experimentally determined structures with Ca root-mean-
square-deviations of less than 0.5 A˚. These structures formed a
large cluster in the conformational space with the largest proba-
bility of existence, agreeing well with the experiment.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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b-Hairpin1. Introduction
Understanding protein-folding mechanisms is one of the
most important challenges in the ﬁeld of molecular biology.
Molecular dynamics (MD) simulations have played an essen-
tial role in the study of protein folding because they can give
atomic-level interpretations to experimental results [1–3]. Ow-
ing to recent advances in computer power, in the methodolo-
gies of MD simulations, and in protein engineering, MD
simulations from unfolded to folded states are now becoming
possible for small, rapidly folding proteins [3]. The ﬁrst suc-
cessful simulation using the all-atom model was on a 20-residue
mini-protein termed Trp-cage [4,5]. In this simulation, a re-
cently developed implicit solvent model, the generalized Born
(GB) model [6], was used to approximately calculate the solva-
tion eﬀect, which greatly reduced the computational burden of
the MD simulation. Furthermore, this simulation used a prod-
uct of protein engineering, i.e., an artiﬁcially designed mini-
protein, Trp-cage [7]. A small target is one key to the success
of a folding simulation. Applying an MD simulations to such
mini-proteins and directly comparing the results with experi-
ments is expected to help us understand their folding mecha-
nisms in detail [1,3].Abbreviations: GB, generalized Born; MD, molecular dynamics;
NMR, nuclear magnetic resonance; RMSD, root-mean-square devia-
tion; SA, surface area
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doi:10.1016/j.febslet.2006.05.015Chignolin is a recently designed peptide that forms a stable
b-hairpin in water [8]. Although it is composed of only 10 res-
idues (GYDPETGTWG), it meets the requirements of a pro-
tein, folding into a unique structure and having a
cooperative thermal transition between its unfolded and folded
states [8]. Therefore, chignolin is currently the smallest protein.
To understand why chignolin can fold, we performed an
MD simulation and analyzed its folding free-energy landscape.
In general, biomolecules have very rugged potential energy
surfaces with multiple energy minimum states. Therefore, the
trajectory of the conventional constant-temperature MD sim-
ulations of biomolecules tends to get trapped in an energy
basin near the initial structure [9]. To avoid this problem, we
used the multicanonical MD method [10,11]. This method en-
ables a random walk in the potential energy space, and there-
by, the trajectory can easily escape from local minima in the
potential energy surface. The free-energy landscape at an arbi-
trary temperature can be constructed from the canonical
ensemble calculated from the MD trajectory using a reweigh-
ting operation [10–12]. Based on the free-energy landscape
thus obtained, we discuss the folding mechanism of chignolin.2. Materials and methods
2.1. MD simulations
The extended initial structure of chignolin (GYDPETGTWG) was
generated using the LEaP module of the Amber 6.0 software suite
[13]. The N- and C-termini of the peptide were left uncapped, bearing
a positive and negative charge, as in the experiment of Honda et al. [8].
A modiﬁed version of the Amber parm99 force-ﬁeld parameter was
used [4,14]. The GB/surface area (SA) model [6] was used to calculate
the solvation free energy. The parameters for the GB model were taken
from Tsui and Case [15]. The dielectric constant of the solute interior
was 1.0, and that of the solvent was 78.5. Salts were not included in the
system. The value of the surface tension used in the SA model was
20.9 J mol1 A˚2. Non-bonded interactions were calculated without
cut-oﬀ operations. Hydrogen-containing groups including XHn groups
(X = C, N, and O, and n = 1, 2, and 3) and aromatic rings were treated
as rigid bodies to allow the use of a longer time step (2 fs) for integra-
tion with a small error [16].
MD simulations were carried out by using a modiﬁed version of the
SANDER module of the Amber 6.0 software as follows [13,17]. The
system was ﬁrst equilibrated using a 2-ns constant-temperature MD
simulation at 300 K. A multicanonical MD simulation was then per-
formed for 180 ns at 700 K, recording snapshot structures every 1 ps.
The conformational ensemble thus obtained was converted into a
canonical one at 300 K by using a reweighting formula [10–12].
2.2. Cluster analysis
To examine the distribution of stable structures in the conforma-
tional space of chignolin, the conformational ensemble obtained above
was grouped into clusters. The clustering method was composed of the
following two stages. In the ﬁrst stage, we used the root-mean-square
deviations (RMSDs) calculated for heavy atoms well-deﬁned in the nu-
clear magnetic resonance (NMR) structures (PDB identiﬁcation code:blished by Elsevier B.V. All rights reserved.
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tance (1.0 A˚) from a cluster center were grouped into the cluster. At
this stage, 10734 clusters were generated. The probability of the exis-
tence of each cluster was the sum of the weights of the structures in
the cluster calculated in the reweighting operation. In the second stage,
the clusters with probabilities of existence of larger than 0.0045% were
selected to cover 90% of the whole ensemble, and pair-wise Ca RMSDs
between the cluster centers were calculated. The clusters were then
grouped into ‘‘superclusters’’ using a single linkage algorithm with a
cut-oﬀ distance of 0.4 A˚. At this stage, 1720 superclusters were ob-
tained. Hereafter, the clusters generated in the ﬁrst stage are referred
to as ‘‘subclusters’’, and the ‘‘superclusters’’ of the second stage are
simply referred to as ‘‘clusters’’.Fig. 2. Superposition of MD structure that satisﬁes all experimental
restraints (pink) on a representative NMR structure (ivory), which is
closest to average structure of 18 models. Only non-hydrogen atoms
are shown.3. Results and discussion
3.1. Folding events observed during the MD simulation
From the multicanonical MD simulation, a ﬂat energy dis-
tribution covering energy regions corresponding to 300–
700 K was obtained, indicating that a random walk occurred
in a wide energy space. Because the structure of chignolin
was determined using NMR [8], we evaluated the agreement
with the experiment using the fraction of the experimental re-
straints that were satisﬁed within the violation criteria (0.5 A˚
for distance restraints and 5 for dihedral angle restraints).
In Fig. 1(A), we found 26 snapshot structures that satisﬁed
99% of the experimental restraints (one or two violations out
of 184 restraints) and one structure without any violation.
These structures are quite close to the experimentally deter-
mined structures (i.e., the native structure) with Ca RMSDs
of less than 0.5 A˚, as shown in Fig. 1(B).
The MD structure that satisﬁed all the experimental re-
straints is shown in Fig. 2. Not only backbone atoms but also
side-chain atoms of the structure are well superimposed on
those of the experimental structure except for atoms ill-deﬁned
in the experiment. It should be emphasized here that no exper-
imental restraints were included in the energy terms of the MD
simulation. This demonstrates that the multicanonical method
can sample a suﬃciently wide conformational space including
the region quite close to the native structure. In addition, theFig. 1. Plots of (A) time evolutions of fraction of satisﬁed experimen-
tal restraints and (B) Ca RMSDs from experimental structures
calculated using snapshot structures every 5 ps. Ca RMSD values
were calculated for each of 18 models in PDB ﬁle and minimum values
were plotted. Because Ca-atom positions of terminal residues (Gly1
and Gly10) were ill-deﬁned in experiment, they are excluded from
calculation. Crosses in plots indicate data of structures that satisfy 99%
or 100% of experimental restraints.number of folding events from unfolded states (Ca RMSD P
4.0 A˚) into the ‘‘native’’ state (Ca RMSD < 1.0 A˚) was 159,
which is statistically suﬃcient to obtain an accurate free-energy
landscape.
3.2. Clustering of stable conformations
To understand the distribution of stable conformations at a
physiological temperature, we performed a cluster analysis on
the canonical conformational ensemble at 300 K obtained from
theMD trajectory. The conformational distribution can be eas-
ily converted into a free-energy landscape by using the relation
F = kBT lnP, where P is the probability that a conformation
exists, F is the free energy of the conformation, kB is Boltz-
mann’s constant, and T is temperature. Five major clusters
are listed in order of their probability of existence in Table 1.
Among them, only the top three clusters had hairpin-like struc-
tures. Fig. 3 shows the distributions of the fractions of satisﬁed
restraints of these clusters and of the whole ensemble. The struc-
tures in cluster A satisfy the most experimental restraints with
the least violations on average, and their backbone structures
match the best with that of the native structure (Fig. 4(A)).
Therefore, this cluster represents the native structure in the
ensemble obtained from the simulation. The structures are sta-
bilized by three hydrogen bonds: one between the carbonyl oxy-
gen of Asp3 (Asp3O) and the amide nitrogen of Gly7 (Gly7N),
one between Asp3N and Thr8O, and one between the oxygen of
the side-chain carboxyl group of Asp3 (Asp3Od) and Glu5N
(Fig. 4(D)). The average distances between the donor and
acceptor atoms were 3.12 ± 0.27, 3.40 ± 0.77, and 3.39 ± 0.54
A˚. Among them, the hydrogen bond between Asp3O and
Gly7N is the strongest. This is consistent with the result of an
amide H-D exchange experiment, where the protection factor
of the amide proton of Gly7 was especially large [8]. In contrast
to the good agreement in the backbone structures, the side-
chain structures of Trp9 are highly diversiﬁed. In the experi-
ment, it was shown that the side chain of Trp9 closely contacts
that of Tyr2 [8]. This indicates that the backbone structure can
form the native-like b-hairpin without strong interaction be-
tween Tyr2 and Trp9 under the condition of the simulation.
The structures of clusters B and C are shown in Fig. 4(B)
and (C). These structures form incorrect hydrogen bonds
Table 1
List of major conformational clusters
Cluster ID Number of subclusters Number of snapshot structures Probability of existence (%) Average violation
Distance (A˚) Dihedral angle ()
A 186 6263 25.1 0.28 3.23
B 111 6044 24.9 0.45 5.97
C 197 2750 10.6 0.69 11.83
D 54 573 2.1 1.12 7.54
E 5 344 1.3 0.90 18.65
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Fig. 3. Stacked bar chart of distributions of fraction of satisﬁed
restraints of cluster A (black), B (gray), C (light gray), and remaining
population (hatched).
3424 D. Satoh et al. / FEBS Letters 580 (2006) 3422–3426between Asp3N and Gly7O (Fig. 4(E) and (F)). As a result, the
combinations of the interacting residues between the b-strands
are shifted by one residue in these clusters (Tyr2–Thr8 and
Asp3–Gly7) compared to the native structure (Tyr2–Trp9
and Asp3–Thr8). Therefore, these structures represent mis-
folded species. The remaining population (39.4%) formed aFig. 4. Superposition of MD structures from cluster A (A), B (B), and C (C
represents center of subcluster in cluster with probabilities of existence of la
cluster A (D), B (E), and C (F). Carbon, nitrogen, and oxygen atoms are bla
hydrogen atoms of Asp3 are shown.large number of small clusters. Because the members of the
clusters had various random conformations, they represent un-
folded species.
3.3. Folding free-energy landscape
The cluster analysis suggests that the hydrogen bonds be-
tween backbone atoms play important roles in the b-hairpin
formation. We therefore analyzed the free-energy landscape
of chignolin using the distances between the hydrogen-bonding
atoms as the reaction coordinates. Fig. 5(A) shows that all
three atom pairs (Asp3N–Gly7O, Asp3O–Gly7N, and
Asp3N–Thr8O) have free-energy wells at 3 A˚, which indicates
that they can form stable hydrogen bonds. Among them, the
free-energy well of Asp3O–Gly7N is the deepest, with the
steepest slope in the region of 3–5 A˚. This suggests that the
interaction between Asp3O and Gly7N serves as the primal
force driving the b-hairpin formation. Comparison of free-en-
ergy landscapes with and without the hydrogen bond between
Asp3O and Gly7N are shown in Fig. 5(B) and (C). Once the
hydrogen bond is formed, two deep free-energy wells appear
in the conformational space. One corresponds to the native
structure (cluster A), and the other corresponds to the mis-
folded species (clusters B and C) because 93.0% of the struc-
tures in the native well are included in cluster A and 92.7%
of the structures in the misfolded well are in clusters B or C.) (pink) on representative NMR structure (ivory). Each MD structure
rger than 0.5%. Close-up views of residues 3–8 of MD structures from
ck, blue, and red. Backbone non-hydrogen atoms and side-chain non-
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Fig. 5. (A) Plots of free-energy proﬁles along Asp3N–Gly7O (dashed
line), Asp3O–Gly7N (solid line), and Asp3N–Thr8O (dotted line). (B)
Contour plot of free-energy proﬁle in plane of d(Asp3N–Gly7O) and
d(Asp3N–Thr8O) when d(Asp3O–Gly7N) < 4 A˚. Here, d(X–Y) is
distance between X and Y atoms. ‘‘N’’ and ‘‘M’’ indicate native and
misfolded states. (C) Same free-energy proﬁle as in (B), except that
d(Asp3O–Gly7N) P 4 A˚. In both free-energy proﬁles, same contour
levels are used.
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free-energy landscape is rugged with many local minima.
Based on these observations, we propose that the folding pro-
cess is triggered by the spontaneous formation of the hydrogen
bond of Asp3O–Gly7N, and then the polypeptide quickly folds
into either the native or misfolded structure.3.4. Further comparison with the experiment
The simulation and the experiment have two signiﬁcant dis-
crepancies. One is the lack of tight contact between the aro-
matic rings of Tyr2 and Trp9 in the simulation, and the
other is the large fraction of the population made up by the
misfolded species. To examine whether the aromatic rings
actually tightly contact each other, we calculated the chemical
shifts of 1H nuclei for the structures in cluster A, using
SHIFTS Version 4.1.1 [18]. In the experiment, the chemical
shifts of 1Hb2, 1Hb3, 1Hd, and 1He of Tyr2 were largely shifted
upﬁeld from their canonical values in a random coil conforma-
tion (i.e., toward smaller values) due to the ring current eﬀect
of Trp9 [8]. However, the values of the structures in cluster A
were less shifted (2.74 ± 0.51, 2.83 ± 0.22, 6.44 ± 0.48, and
6.30 ± 0.37 ppm) than those of the experiment (1.74, 2.30,
6.17, and 6.50 ppm) and those calculated for the NMR struc-
tures (1.86 ± 0.46, 2.75 ± 0.09, 5.48 ± 0.26, and 6.30 ± 0.08
ppm). Therefore, we conclude that the aromatic rings actually
made tight contact and that the attractive interaction between
the aromatic rings was underestimated in the simulation. To
eliminate the ﬁrst discrepancy, the accuracies of the force-ﬁeld
parameters and the models of the solvation free energy must be
improved.
Since all the NMR observables including NOEs and chemi-
cal shifts are average values for the structures present in the
sample tube, an ensemble including both the native and mis-
folded structures might be able to reproduce the experimental
data. However, judging from the chemical shift values calcu-
lated for cluster B (2.79 ± 0.16, 2.85 ± 0.13, 6.90 ± 0.09, and
6.71 ± 0.04 ppm), the percentage of the misfolded species
should be much less than that of the native structure. Because
in the misfolded species, the side chains of Tyr2 and Trp9 are
located on diﬀerent sides of the b-sheet, they cannot contact
each other with the non-native Asp3N–Gly7O hydrogen bond.
Therefore, if the interaction between the aromatic rings could
be calculated accurately, the misfolded species might become
less stable than the conformations with the native hydrogen
bonds. As a result, the native structure with the correct aro-
matic-ring arrangement might occupy the majority of the
whole ensemble, and the second discrepancy, as well as the ﬁrst
one, might be eliminated. This furthermore results in only one
free-energy well in the free-energy landscape with the Asp3O–
Gly7N hydrogen bond. The folding mechanism proposed
above is then consistent with the two-state, cooperative ther-
mal transition observed in the experiment [8]. The folding sim-
ulations of this protein thus give a clue to achieving better
agreement between simulations and experiments.4. Conclusion
The conformational space of a 10-residue mini-protein,
chignolin, was explored extensively using a 180-ns multicanon-
ical MD simulation. In the MD trajectory, we found structures
3426 D. Satoh et al. / FEBS Letters 580 (2006) 3422–3426that satisfy 99% of experimental restraints and are quite close
to the experimentally determined structures with Ca RMSD
values of less than 0.5 A˚. These structures formed a large clus-
ter in the conformational space with the largest probability of
existence. Based on the free-energy landscape calculated from
the MD trajectory, we proposed a folding mechanism for this
protein.
In the experiment, the sequence GYDDATKTFG, termed
GPM12, did not have a speciﬁc structure, although the se-
quence was taken from the central region of the G-peptide,
which is used as the design template of chignolin [8]. We are
now applying our method to this sequence to elucidate the
origin of the sequence dependency.
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